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TECHNICAL NOTE NO. 1176

STRESSES AROUND RECTANGUILAR CUT-OUTS
WITH REINFORCED COAMING STRINGERS

By Paul Kuhn, Norman Rafel,
and George E. Griffith

SUMMARY

Strain measurements and strength tests were made on six sgkin-
stringer panels under axlel load. Three of these panels had short
rectangular cut-outs, and three a long onej the width of cut-out was
about one-half of the width of the pansel. Three types of coaming
stringers were used: without reinforcement, with riveted-up
reinforcement, or with integral reinforcement. The strain measurements
were found to be In good agreement with a previously published theo:y
adapted where necessary by meking overlapping assumptions.

INTRODUCTION

In reference 1 a method was given for calculating the stresses
around rectangular cut-outs in skin-stringer panels under axial load,
and strain measurements mede in the elestlc range were presented to
substantiate the theory. In the present paper, this work 1s extended
to panels in which the coaming stringers (stringers bordering the
cut-out) are reinforced in the reglon of the cut-out and are tapered
to the basic stringer sectlon. The tests as well as the analysis
cover the elastic range and the ultimate load.

SYMBOLS
Aq " effective cross-sectional srsae of all continwous stringers,
exclusive of main stringer bordering cut-out, square inches
Ap effectlive cross-sectional area of main continuous stringsr
bordering cut-out, sauare inches
A3 effective cross-sectional arge of all discontimious stringers,

sguare inches
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by distanco from Ao 1o centroid of A3, inches

P distange from Ap ‘o centroid of Az, inches

L halfalength of cut-out, inches

o normal stress (in stringers), kips per square inch
T shear stress (in sheet), kips per square inch

P load on (whole) penel, kips

Subscripts

all a2llowables
max maximun

ult wltimate
TEST SPECIMENS AND PROCEDURE

Speeimens.- The test specimens wore six doubly eymmetrical penols

of 2L4S-T aluminum alloy with sixteen gtringers, Thov were dividced
into two groupg of thrce panels; the pancls of tho first group hed o
very short cut-out; those of the sccond group hed a long cut-out, The
cut-outs wore recteangnlar and interrupted six gtringers of cach panel.
In one of thc three pancls of cach group (pencla 1 and 4), tho coaming
gtringers (stringers bordering the cut-out) h=d the sems cross scction
&8 the other stiingers; in the other twe panels of the grouyp, tho
coaming stringers wore roinforeed in the region of the cut-out, the
crosg-scctional arsa of the reinforcoment belng abeut cqual to the
erse. of the interrupted stringers. The rcinforced gtringers wire
elthor bullt up by riveting straps to the basic stringers (pancls 2
and 5) or wers machined in one piece (pancls 3 ond 6). The gen:oral
errvangement end pertinent deta;}s of the pancls are sghown in figure 1.
The dimensions used for the caleulations arc given in teblo 1.

Froceduro in the clastic range,- For the tests in ths elastic

rangz, the penels were subjocted to & uniformly distributed tcnsile
lozd at cach cnd by means of & whipple-tree arrangement, One whipple-
trce was anchored and the other one was loaded by meuns of a
hydraulic jack. Thc load wpe measured by & ring dynamometer accurate
to about 1/2 percent, Strain rcedings were taken at sn initisl lood
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of 1 kip and at increments of 5 kips up to a load of 21 kips.
Tuckerman opticel strain gages of 2-inch gags length were used for
all tests in the elastic remge. ILoad-gtrain plots were made for all
gage statione; 1t was almost always possible to draw straight lines
through all teasts points except the initial-load point, to an
accuracy equlvalent to 40 psi (twice the smallest reading of the
gages). IFf the straight line miesed the inltial-load point by more
than 100 psi, a check run was made, and the trouble wzs ususlly
eliminated; if the trouble persisbted, ths readings at this station
were discarded.

Procedure for strength tests.- For the strength tests, the panels

wore subjected again to uniformly dlstributed tensile losds by means
of whipple-trees. The lozds were applied by a 1200-kip-capacity
testing machine accurate to ebout 1/2 percent. No reduction in load
was made at any time during the test. Strains were mecasured with
electric resistance-type gages (Baldwin-Southwark gages) of %—1nch

or l-inch gage length at load incremsnits varying from 5 to 20 kips,
the largest increment being used in the middle of the elmstic range.
The accu_gacy' of thz strain reedings is belisved to be within about
20 X 107° at low strains, sbout 2 rercent at intermediate strains
end somewhat less at hich streine, The loss in accuracy st high
gtrains results from ths fact that electric gages glve Inaccurete
results on first application of etiein (reforence 2), no corrections
were applied for this c¢ffect.

METHODS COF ANALYSTS _ D me———
1

Elastic rangs.- The analysis for stresses in tho elastlc range

vas made by the simplified three-stringer mrthod given in reference 1.
This method is besed on the assumpition that all stringsrs are of
congtant cross section, whercas penels 2, 3, 5 end 6 have coaming
stringers that ars reinforced along the edges qf the cut-out. For
these paneols, two sets of cnlculations were made; one was based on the
essumption thet the reinforced section  of the coeming stringer was
continuous throughout the lcngth of the pancl; the 'o‘ther one on the
assumption that the basic (nonreinforced) section was cantinvous. The
results from the first set of calculations were assumed to apply in
the region lying betwsen two transverse lines drawn through the middle
of the tapered scction of the coaming stringers; the resulis from the
socond get wure sssumcd to apply in the regions botween the tremsverse
lines Just mcntioncd and the ends of the pansl. For convenience, the
reglons defined in this menncr will be referred to as "region of the
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cut-out” and "regilon awey from the cut-out," respectively. The
congtants defining the thres-stringer structure are given in tebls 2.

Ultimato atrength.- Any perforatsd tonsion specimen will feil

acrogg & critical section that is determinod by the strese distribution
regulting from the goometry of the specimen and by the stresgg-strein
characteristics of the material. Therc are two limiting "theori:s of
fellure." On the one hand, it rey bo assuncd that all atress
concentrations persist uniil the moment of failure, end thet foiluro
takes place when the veak strese in the specimen excweds the alloweble
value for the material., This theory—will be referred to as "the
brittle-feilure theory." On the other hend, it mey bo essumed thet
all stress concentrations ure eliminated by yiclding boforzs failure
takes ploace; thils theory will be referred Lo az "the plastic-feilurs
thoory."

When tho brittle-failure theory is us.od, the stress distriution
is calculated by the elastic theory, end the prak strosscs are
located. In stiffonecd panecls, thore is 2 pcak normal stross in a
stringer end & pcak shear stress in the shoct. The gtringur stress
is evidently a simple stross. Tho shear stress in the sheetis
affocted to somn extent by superpoged longliudinal and tronmevorsc
normal stresses, bubt in momst caves thosoe muperpossd stressvs mey be
neglectcd, Fallurc would thercfore be txpectod whon cither the veak
stringor stross or the pesk shecr stress in the sheot excecds the
alloweble veluo,

The procedure for opplying the plastic-feilure thoory is well
kmown from the deslgn of rivoted Joints in mild stecl, Poseible
raths of frecture are considercd, and the strongth of the totel
agpembly is computed by adding tho strengthe of the olements of cach
vath, obtaincd by mltiplying the cross-sectional srca of cach elcment
by the toneile, shear, or bearing strength of the materlal, asg the
cage may be. In this investigetion a varintion of this theory wes
mployed, It was egsumed that yiclding eliminated the genersl
nonuniformity of stross distributlion rssoulting from the existsnc: of
the cul~cut but did not s¢liminete the highly locelizcd strcas
concentrations arising frowm the presence of rivet holog.

in practice, it may sometimeus be nccessary to use en interm diste
theory bescd on ths slagtic thoory of etress distridution but modifiecd
for particl yielding, The tcsts made in this investigation egrecd
fairly woll with one of the two limiting thesorics proviouzly desoribed
and consequently furnished no bagis For cstablishing such an
intermcdiato theory. This result was brought about by tho fect that
the coaming stringers worec of two extrems types: thoy hed either no
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reinforcement at a1l or were reinforced enough to make up (nearly)
for the loss of penel arsa caused by the cut-out.

RESULTS AND DISCUSSION

Elagtic Behavior

Gensrc]l romerks.- The results of the tosta and the calculstilons

for the elastic range are rreacnted in figures 2 and 3 in the form
of spanwlue-ztross plote for a load of 20 kipe in each caso; the
calculated moxirwm sgtregses erc also ghown in table 2. The experi-
nentel etrosses shovn were obtained from mecsured strelns with the
velue of Youns's modulus essumed to be 10,500 ksi. As oxplsined in
the section "Methods of Analysis,!" the calculated curves for the
panels with rcinforced coemlng stringers have two branches; the
branch izn the wrogion of the cubt-out is calculatcd on the assumption
that the reinforced scetion i1s continuod to the ends of the poncl:
the branch away from the cut-out is calculatsed on tho assumption
thet the hesic stringer section continucs through the middle of the
pauel without roinforcement. For each poncl the calculseted curves
for the continuous stringers (excopt th: coaming stringers) arc
identical, bccause these gtringers are represcntad by a single
stringer in the three-stringer method of snelyzing cut-out panclo;
the curves for ths interruvt#d stringera of & glven pencl ere also
identical far the sams reason. ' '

s
Stringer stresses in penels with congtant-soction coaming

stringers.- In panels 1 ani L, the {constant-section) coaming
gtringers exhibit high stress peeks at the transverse ribs that

bound the cut-outs; the agroement between exporimental and theoretical
poak stresmes ig good. The rate at which the stresses decrease from
their peak velncua with increasing distance from the cut-outs is larger
for the oxperimentel than for the theorsticel valuss. The chordwisc
distribution of the otvrosses in ths other continuous stringers is
feirly uniform in panel i and consequently in fairly good agreemont
with the calculated curve: in pansl 4, the chordwiss distribution is
not so uniform et etations O and 7, end the agre:ment is therefore
close only on omnc strinqor near the middle of the group (stringer 3),
whoreas stringers 1 end b show deviations of oppositc sign. Similar
doviations are obvious neasr the ends of the interrupted étringcrs, hut
here the stresses arv lov onéd consequently of no practical concern.

Stringer stresses in penels with rivcted-up reinforcemcnts on
coaming stringers.- In penols 2 and 5 with the rivoted-up rein-
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forcements, the agreement between experimental and calculated stresses

is satisfactory, on the whole, in the regiosns of practical interest.
(See fig. 2.) The coaming stringers show local stress peaks not -
predictalbile by the simple theory used herein at stations just beyond
the end of the reinforcements (station 8 on panel 2 and station 32
on panel 5), presumsbly as a result of the sudden change in cross
section of the stringer. On panel 2 with the short cul-cut and the
sharply tapered reinforcement, this local peak stress is higher than
the average stress in the stringer at ihe edge of the cul-out. The
average stress referred to is the average $ver the thickness oi the
pack, and the method of abtaining it will Lo explainzd prosently.

The measured stresses in the tapered region of the coaming
stringer of panel 2 are considerably lower. than the calculated values.
These stresses are of necessity measured on the cutside faces of the
outermost straps. There are two factors apparent that may contribute
to this discrepancy. In panels 1 and L with coaming stringers of
constant section, the experimental stresscs are also low in the
corresponding regionsy this fact indicates {ihat inaccuracy of the
theory may be one reason. The other appargat reason is that a
riveted connection is not so stiff as a2 solid metal-to~metal connection
would be, and cousequently, thes outer straps carry less stress than
the inner straps.

Within the region of the cut-out, it was possiblc to msasure the
stressss in each individual strap of the coaming stringer by putting
gages on the exposed sdges of the straps. Figure 2 shows for station O
the stresscs in the innermost strap, the cutermost strap, and the
average ptress for the entire pack. Two sets of measured vilues are
shovmn; onse was obtained when the straps wers fastened with ulnch

rivets, the other one after these rivets had been replaced by EB»lnch

rivets. With the larger rivets, the spread between the stresses in
the cutermost and the innermost straps was almost cut in two. With
elther size of rivet, however, the average stress in the pack was
only slightly lower than the theoretical value for panel 2 at the
relatively low loads used; st the higher loads, larger differences
would, of course, be expectea. In panel 5, the distance betwecn the
center line of the cut-out and the end of the shortest strap was
sufficient to eliminate the effects of anite rivet stiffness at

stdtlon ‘3 . -

Stringer stresses in panels with integrally reinforced coaming
gtringers.- For panels 3 and 6, in which the coaming stringers had
integral reinforcements, the agreement between experimental and
calculated stresses ie sgain quite satisfactory in the regions of

.
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practical interest. Panel 3 with the short cub-out and sharp taper
again exhibits the high local stress peak just beyond the end of the
roinforcements end the very low stresses in the region of the taper.
Somewhet perplexing is the fact thet the stress in the coaming _
gtringer &t station O 1s apprasciably less in penel 3 than in psnel 2,
This result Indicates that at low stressecs, at least, the wide
integral reinforcement was less effective then the rivoted-up
reinforcement. ' : :

Shear stresses.- The shear stresses in all penels ere shown in

Figqure 3. The agresment betwecon sxperimental and calculatcd stresses
is very satisfactory.

Ultimate Strongzths

Panels wlth cosming stringers of constant secticn.- In panecls 1

and &4, the (constant section) couming stringers showed a very high
stress peak at thoe btransversse rib. The electrical gages at this
station indicated no appreciable deviation from & straight-line
relationship between strain and load up to the highcst locds at which
readings were teken (about 0.9 Pyj4). Tho penels might therefore be

expected to fail according to the brittle-failurs theory, thet is,
when the theoreticel maximum stress reached the alloweble value. The
allowable stross wos determined by tests on sexmple stringers with
rivet holes, in order to include the effect of stress concentration
due to such holes:; the ultimate stross bagsed on the net area was
Tound to be 64.0 ksl (avzrage of 3 tests) against 70.3 kei as
determincd bty standerd tensile specimens. With an alloweble stress
of 64.0 kgi, failurc for panel 1 was predicted at Tl.5 kips sgainst
an actual feiling losd of 77.0 kips; failure for panel L4 was
predicted at 84.8 kips against en actuel feiling load of 87.0 kips.
(Sce table 3 .) The predictions_ were therefors conservetive by
about T percent for pencl 1. and 2% percent for penzl 4., The fracture

should be a tear across the net section of the pansl at (or near) the

rib lino, ond figure b shows that this type of failure was actually
obgerved.,

Am table 2 shows, the calculated ratios of poak shear stress to
peak stringer stress wzre 0.58 for pancl 1 and 0.62 for penel 4. If
the alloweble valuea are tekon as 37 kel for sheer and 62 kai for
tonsile stresus, the corresponding ratio of the allowable stresses. .
is 0.60, Consequently, there was a thoorcticel poseibility that in
panel 4 the failure might be precipitated by shcar fallure of the
sheot. Analysis of the stresses nocer ths cut-out showed, however,
that the sheet-bearing stress under the rivet at the cormer of
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cut=out sxreeded the allowable wvalue at about one-half of the
ultimate load in panel ) as well &8 in panel Lk, Progressive bearing
fallure relleved the peak shear strese sufficiently to preclude shear
failure. o

The stringer stresses were not apprsciably effected by the
rodistribution of shear siress becavse they depend on the integrated
effect of the shear stresses. When the pcak shear stresses are
reduced muterially, the transfor of losd from the cut stringers to
the continuous stringers takes place at a greater distence from the
cut-out; the chordwise distrlibution of the stringor strssses in the
net section may therefore bo exvected to become somewhatb more unifom
a8 the load increases. This conasideration may explain why the
gtrength predictions were conssrvative.

Pancls wlth reinforced coaming stringers.- In panels 2, 3, 5,
and € with reinforced coaming stringersg, th. chorlwise distribution
of the astringer stresses in the nst sechtion wag much more uniform
within the elastic range then in panels 1 and 4 with constant-scction
gtringoers., A convenient measure of the nonuniformity at the ribd
station (where all ths stringer strcssce roach thelr peak valucs) 1s
ths ratlo of strces in tho coeming steinmer to averase strzss in the
other contimuous stringers (etrose in substitute single stringer).
For panel 1 (short cut-out, no reinforcement) this ratio was 1.87,
for panels 2 and 3 (short cut-out, reinforced stringers) the retio
wag only 1.1h4; for pencl 4 (long cut-out, no reinforcemcnt) tho
ratlo wvas 1l.41l, for pancls 5 and 6 (long cut-out, roinforced stringers)
1t was only 1.12,

The uwniformity of tho chordwise distribution was further
Incrcesed, et loads above about one-half-of the ultimets, by an
increasing loss of effectiveness of the rcinforcsd portion, compensated
by increased stresses in th. other continuous stringers, mainly the
nearcet one. For the stringcrs with long teper (pancls 5 end 6), this
effect was small, but for the stringers with skort tuper, 1t was quite
pronounced, particularly for the bulli-up reinforccment of pancl 2.
(See fig. 5.) '

In the spanwise dircction, the stringor gtresses in the penels
with reinforced stringers wers alsc much mors uniform then in tho
ranels without roinforcements, In thc panels with rcinforced
stringors, the arce of the net section of the pancl (alongsids the
cut-out) wes only slightly less than the area of the full scetion; in
the peanels without reinforcoment, the tresa of thue nct section was
ebout 5/8 of the erea in tho gross section, because 6 out of 16
gtringers were cut. ' _ :
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These considerations show that, in the elastic range, distribution
of the stringer stresses in the reinforced penels was not too far
from the uniform dlstribution assumed in the plastic-fallure theory
and thet the distiibutlion tended to become ovon more uniform at higher
lcads. There is considerable Justlflcation, then, for using the
plastic-Ffallure theory in prsdicting thse strength of tho reinforced
ranols. -

Exemination of pomsible critical sections, or paths of failure,
on the Ptasis of the plestic-failurc theory showed that the panele
should fall by tcaring of the four continuvous stringors at or near
the transverse rib, by tearing of ths coaming stringer in the o
unreinforced section, and shearing or bearing fallurs of thc sheet or
rivots under the tapered portione of tha coaming stringers. This
type of feilure wes observed in all rr~inforced panels (fig. L4). The
tenring of the coaming stringers took ploce just boyond the ends of
the reinforcements, presumably becsusc locael stress concentrations
existed at these polnts, as shown by ths strain mcasurements in the
e¢lastic range., It may scem from figure 4 thet pancl 5 (long cut-out
with built-up reinforcemont on stringers) did not fail in the predicted
mennor, the coeming stringers being torn unicrnesth the top streps at
the end of the cut-out instced of Peing torn jJust beyond the end of
the tapered section. Calculation showed thet the strength of the
penel for this peth of failure should be sbout 5 percent higher
than for the path of feilurc doscribed for the other pencls.
Examinntion of theo penel disclosed that the fellure hed apparently
gtarted in the predicted mammer by tearing of one end of one coaming
gtringer at the point where the reinforcement begen; however, for
some unknown reason, fallure then took placo along a different path,
and as a result, the failure at the ond of the rsinforcement can be
seen only by inspection of the original panel. The strengths predicted
by edding the appropriete strengthas of slements (tarls 4) were
slightly unconservative as shown by the last colurm of +able L4, the
average ratio of observed to predicted failing locd being 0.99 and the
lowest value 0.95. Prcdictions based on the brittle-feilure theory
would have been from 16 to 27 percent comssrvative.

The ratios of pesk shear atrcas to peak stringer stregs were B0
high in p2nels 2, 3, 5, and 6 (table 2) that shear Ffeilures in the
shooet might be expectwd. No shear failures developed, howover; only
bearing fallures under the rivets werc observed for the remson glven
in the discussion of the strenzth teats of pancls 1 end 4 with
congtant-section coaming stringsrs.
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CONCLUSIONS

The followlng conclusions wers drawn from the tests on six
axlally loaded skin-stringer panels with rectangular cut-outs:

1. The observed stresses in the elsstic range agreoed fairly
well with those predicted by & previously published theory. (The
theory was adapted to panels with reinforced coaming stiingers by
making two overlapping assumptions.) o

2. The ultimate strengthes of the two panels with constent-
Section coaming stringers differed frcm those predicted by the
"brittls-failurs theory” (that is to say, by usin:z the elastic
theory) by 2.5 to 7 percent, the predicticens being conservative,

2. The ultimate strenrthe of the four panels with reinforced -
coaming stringers differcd not more than 1% vercont from the strengths
predicted by the "plastic-failure theory";commenly used in the desirn
of perforeted plates made of ductile mateiial. This conclusion should
not be aencrelized to aprly to other pancls unless the cross-sectionsl
arca of the reinforcements of the coaming stringers is roughly cqual
to the cross-secticnal area of the meterial removed by ths cut-out.

Langley Memorial Aecvonautical Ieboratory
Nationnl Advisory Commtttee for Asronsutics
lenrley Field, Va., Auguet 19, 10k6
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TABIE 1

TANEL DIMENSIONS

Average gross Avereage gross
Sheet Grogs shost 2rea of one cree of one
Panel | thicknues arca stringer coaming stringer
(in.) (sq in.) {sg 1n.) {ag 1n.)
a) (v)
1 0.0215 0.835 0.0975 0.0975
»
2 0315 835 .0973 .3669
3 0318 837 0975 .3810
b ,0315 843 006k 0981
5 .0316 837 L0951 L3876
3 .0318 .8h3 .0992 .3:709

?Not including coaming stringor.
Tn region of cut.out.
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TABIE 2

CORSTANTS USED IN TBEORETICAL CALCUTATIONS AND MAXIMOM THECRETICAL STHIESES

1
i Tmex
A A ! A, b b L Yrex | Toex | 5o
Penel . 2 : ’ 1 2 ket | kei | B
(sq in.) | (sq in.) { {sq in.) | {im.} | (in.} [ (in.} (c) (c) (o)
1 0,746 0.159 0.632 7.301 § 6.36% | 1.5 17.9 {10.3 § 0.58
2 LThT 815 6ok 7.449 1 6,016 | 1.5 {10.7 : 8.1 | .76
b
L4e8
3 .46 8 157 .626 7.315 | 6,165 1.5 |{11.3 7.9 .70
D e . 10.5
| ]
L e T4T 160 625 7.305 { 6.160 | 1h.5 15.1 | 9.k 52
5 735 B 157 622 7.438 | 6.012 | 14,5 9.6t 7.6 .19
| 450
6 LT5h & 154 634 7.315 | 6.165 | 14.8 9.7 7.6 1 .78
= A32
5For region awny from cut-out (besic stringer).
r rogion of cut-ous (ruinforced astringer).
CCaleulatod for P = 20 kipo.
FATIOMIL ADVISORY
COMMITIFE FOR AEROHAUTICS
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TABIE. 3 .- ULTIMATE STRENGTH CALCULATICNS FOR CORSTART-SECTION COAMING STRINGERS

Frodicth.d

Obsarved Pu

Coex P Qbgervad 1t
Panol | (kai) (21-;) Puis Predicted P
() y (¥ips) ult
(b)
1 17.9 71.5 T77.0 1.08
b 15,1 84.8 87.0 1.03
8Calculated for P = 20 kips
PPredictod Ppip = o X 20 kips
Omax
TABIE L4 ,. ULTTMAT® STRENCTH CATCOLATTIONS FOR REINFURCFD SECTION COAMINRG STRINGERS
Total nct Tenells etrongth | Braring sfrength _ ) Obsarved P
Panel tonaile arce | (bosod on of sheet cgeinat Irgdict:.d Ob;c rved ult_
(ag 1n:) | ogqp = 6l kai) rivets ult wlt ) Predicted B,
?a) (kips) (kipe) (wipa) (icipe)
5 1.498 9.9 b5, 101.3 9.6 0.97
3 1.522 aT. b4 3.6 101.0 96.0 95
5 1.505 96.3 10.6 106.9 105.b 99
6 1.54h 28.8 Q.2 108.0 113.4 1.05

2(Shoet area from comming stringers to sides of panel plus are: ¢f 10 stringers minusg
rivet holea.
PDiamster of rivets in coaming str‘.mgar,-lzg tnch.

NATIONAL ADVISQRY
CO'MITTEE FOR AERCORAUTTICS
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Figure 5.- Lood-stress, plots for panels 2 and 3 showing reduction of stress

in reinforced cooming sfringers at high loads.
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